Abstract: This paper summarizes an engineering experience of solving the problem of thermal cracking in mass concrete by using a large project, Zhongguancun No.1 (Beijing, China), as an example. A new method is presented for controlling temperature cracks in the mass concrete of a foundation. The method involves controlled cycles of water circulating between the surface of mass concrete foundation and the atmospheric environment. The temperature gradient between the surface and the core of the mass concrete is controlled at a relatively stable state. Water collected from the well-points used for dewatering and from rainfall is used as the source for circulating water. Mass concrete of a foundation slab is experimentally investigated through field temperature monitoring. Numerical analyses are performed by developing a finite element model of the foundation with and without water circulation. The calculation parameters are proposed based on the experiment, and finite element analysis software MIDAS/CIVIL is used to calculate the 3D temperature field of the mass concrete during the entire process of heat of hydration. The numerical results are in good agreement with the measured results. The proposed method provides an alternative practical basis for preventing thermal cracks in mass concrete.
Introduction
With the continuous development of high-rise buildings, the height of buildings is constantly increasing, thus posing increasing challenges to the foundation of buildings. Generally, a deeper foundation can provide a better safety factor for the whole building [1] . Thus, in the future, the depth of the building foundation can be predicted to increase. However, increased foundation depth can cause several problems. One such problem is associated with the construction of mass concrete, which is receiving growing research interest [2] [3] [4] [5] [6] . In particular, heat of hydration is a major problem of mass concrete. When the internal temperature of concrete exceeds a certain limit, it will produce large thermal stress, which will lead to internal premature cracks in concrete [7] [8] [9] . Such cracks are known as thermal cracks in construction. The main principle of controlling the thermal cracks in a construction is either to reduce the production of heat of hydration or to dissipate the heat so as not to accumulate it inside concrete.
At present, the three main methods for controlling construction temperature cracks include: (i) installing a pre-buried cooling water pipe, (ii) covering with a thermal insulation material, and (iii) adding a new material (PCM-Phase Change Material) in concrete. Seo et al. [10] developed a vertical pipe cooling method and tested it in a wall-type mass concrete specimen to validate the method. The experimental result showed that the temperature of the concrete specimen with the vertical pipe cooling system was 8-14˝C lower than that of the control specimen without the vertical pipe cooling system. Some construction measures [11, 12] have adopted thermal insulation material to cover mass concrete in order to control thermal cracks in mass concrete. Some other studies [13] [14] [15] have investigated the use of phase change materials (PCM) to limit the rise in temperature of mass concrete. For the pre-buried cooling water pipe method, concrete should be embedded with a large number of pipelines; the process is complex and costly. If the treatment measure for the permanently buried steel pipe is not enough, it will lead to internal defects within a concrete structure. For the method of covering with a thermal insulation material, the materials used are not environmentally friendly, and are also unsuitable for the high strength mass concrete that requires a relatively larger cement content. The new materials (PCM materials), because of their relatively immature technology and high cost, are not widely used. In the meantime, a new technology of circulating water to control the thermal cracking in mass concrete foundation has emerged [16] [17] [18] . The circulating water comes from well points used for dewatering and from rainfall. Water is stored in a thermostat tank and the initial temperature of the water is adjusted to a specified temperature. Water with an appropriate temperature is brought into the temperature drop pool lying above the foundation slab. The temperature difference between the surface and the interior (core) of mass concrete is finally achieved by changing the temperature and the depth of water in the thermostat tank and varying the temperature in the drop pool.
In this paper, an experimental study (temperature monitoring) is performed by utilizing the new technology of circulating water in a mass concrete foundation in the construction of "A" and "D" areas of the project-Zhongguancun No. 1 in China (the project has four working areas which are named A, B, C and D). The variation in the internal temperature field of mass concrete is analyzed by using the finite element software MIDAS/CIVIL to simulate the 3D temperature field. The proposed method provides an alternative practical basis for preventing thermal cracks in mass concrete.
General Description of Project
Zhongguancun No. 1 (A and D areas) is located in Yongfeng industrial base, Beijing, China, with a total construction area of 232320 m 2 . Building structure type of A and D area is core tube structure as shown in Figure 1a . The underground part of A and D areas has three floors. The foundation concrete is standard mass concrete. Construction features are as follows:
(1) Large area: Each block in the area is more than 3000 m 2 .
(2) Thick slab: The thickness of concrete slab is 1.8-2.2 m, and the local set puddle is up to 5.0 m. (3) (i) Ambient temperature of the construction site was relatively higher with the temperature as high as 38.5˝C. Maximum temperature of steel surface was about 55˝C; (ii) the amount of each pour of concrete was 5600-6000 m 3 . Concrete was C35 (P8) grade and was low-permeability type. Based on these data, the temperature inside the mass concrete would increase due to heat of hydration and could reach 65-75˝C. 
Experimental Technique

Test Object
The object of this experiment was the foundation slab of the three basement floors at A1-A9/H-Q axis in the "A" area, as shown in Figure 1b . The concrete slab size was 48 m (width), 48.6 m (length), 1.8 m (depth) and the total volume of concrete was 4199 m 3 . The ambient daily average temperature during the construction was 32.5˝C and the maximum temperature was 38.5˝C.
The grade of mass concrete was C35, and vibrators were used for compaction. The cement strength grade was P.0 42.5, the water to cement ratio was 0.42, and the sand ratio (the quantity of sand/the total mass of sand and stone) was 43%. The concrete mix design is detailed in Table 1 . The temperature control system comprised of circulating water for mass concrete foundation. The system was composed of circulating water pipeline, thermostat tank, cooling tank, dewatering wells and other apparatus, as shown in Figure 2a ,b. The circulating water that came from well-points dewatering and rainfall was collected and used during the concrete curing process. Water was conveyed to the thermostat tank and an initial water temperature of 16-18˝C was adjusted by hot swapping (for approximately 24 h) in the natural environment (the ambient mean temperature was 32.5˝C based on the on-site temperature monitoring). Figure 3 shows the temperature of water in the thermostat tank during 24 h of water circulation. The water which had a temperature of 25-28˝C was brought into the cooling pool that was positioned right above the foundation slab. The temperature difference between the water and the surface of the mass concrete was controlled to be no more than 20˝C. The temperature of the water in the cooling pool increased because of the heat exchanged with the mass concrete. After it reached the interval time (4 h, 6 h, 8 h), water in the pool was replaced with new water, and the same cycle repeated. Monitoring of the water temperature in the cooling pool showed that the water temperature could reach about 35-38˝C during the first cycle of water circulation. As new cycles continued, the maximum temperature of the water in the cooling pool declined. The circulation process was customized based on the construction regime and a detailed explanation about the regime is presented in Section 3.2.2. Finally, the desired temperature difference between the surface and the interior of the base slab was maintained by varying the depth of water in the cooling pool. 
Construction Regime
Four thermostat tanks were built during the project. The thermostat tank (600 mm wide and 850 mm deep) was built 0.8 m away from the foundation slab. Cement mortar (the ratio of cement/mortar was 1:2.5) was used for waterproofing. Each thermostat tank was equipped with a 5.5 kW submersible pump, the caliber was 65 mm, the flow was 36 m 3 /h, and the lift was 27 m. Circulating water was provided by the dewatering well system as its secondary utilization and the 
Four thermostat tanks were built during the project. The thermostat tank (600 mm wide and 850 mm deep) was built 0.8 m away from the foundation slab. Cement mortar (the ratio of cement/mortar was 1:2.5) was used for waterproofing. Each thermostat tank was equipped Appl. Sci. 2016, 6, 110 5 of 18 with a 5.5 kW submersible pump, the caliber was 65 mm, the flow was 36 m 3 /h, and the lift was 27 m. Circulating water was provided by the dewatering well system as its secondary utilization and the aqueduct DG-150 (the internal diameter is 150 mm) was used for conveying water to the foundation slab.
After pouring the mass concrete, the foundation slab was frequently cured by sprinkler and was covered with plastic sheets. Double layer bags were used to cover the sides of mass concrete for providing moisture. The cooling pool was built around the slab when the foundation was finished. For the thickness of the mass concrete less than 2 m, the cooling pool was 120 mm wide and 240 mm high. For the thickness of the mass concrete greater than 2 m, the cooling pool was 240 mm wide and 350 mm high. Cement mortar (the ratio of cement:mortar was 1:2) was used for waterproofing.
Past experience and real time data showed that the temperature inside the mass concrete increased slowly at the first day after pouring the mass concrete; increased rapidly at the second day to reach the maximum value at the third day; and decreased thereafter. Therefore, curing was done by sprinkling water for the first day (0-24 h). Thereafter, water was circulated every four hours for the second and third days (24 h-72 h) to maintain a ponding depth of 240 mm. For the fourth day (72-96 h), water was supplied every six hours, and the ponding depth was 200 mm. For the fifth and sixth days (96-144 h), water was supplied every eight hours and the ponding depth was reduced to 150 mm. After the seventh day (144-168 h), the ponding depth was reduced by 20 mm for each day until the 14th day by when the circulating water was removed, as shown in Table 2 . The convection coefficient as calculated in section 4.3 was obtained based on this construction regime. 
Monitoring the Temperature of Mass Concrete
The base slab was a rectangular symmetric structure. Thus, only one quarter of the foundation concrete was chosen as the test object for temperature monitoring. Fifteen temperature measurement points were arranged, as illustrated in the layout of the sensors shown in Figure 4a . In the figure, A1, A2, and A3 are located at the edge of the foundation; C1, C2 and C3 are located at the center of the foundation; and E1, E2 and E3 are located at the corner of the foundation. Similarly, sensor points B (labeled as B1, B2 and B3) are located between the A and C points along the longitudinal direction; sensor points D (labeled as D1, D2 and D3) are located between the C and E points along the diagonal direction. An integrated temperature logging device (No.AD592) (Analog Devices: Norwood, MA, USA) was used for monitoring the temperature from all 15 sensors. The measurement range of the device is´30~150˝C and the error is less than˘0.3˝C. Since each sensor was given a unique ID number, data acquisition and recording was conveniently performed by the device.
Another instrument (No. JDC-2) (Beijng Building Construction Research Institute: Beijing, China) was used as an electronic thermometer for monitoring the temperature of the circulating water. The instrument was powered by a battery and was convenient for measuring temperature at a desired location, as shown in Figure 4b . As shown in Figure 4c , the measuring points A1, B1, C1, D1, and E1 were located at the top 50 mm of the foundation as suggested by the reference [19] ; the measuring points A2, B2, C2, D2, and E2 were located in the middle 900 mm; and the measuring points A3, B3, C3, D3, and E3 were located at the bottom 50 mm of the foundation. 
Test Results and Data Analysis
(1) Analysis of the change in temperature across different test points
In order to facilitate the analysis, the temperature data of all the test points were collected and plotted for 254 h. The time points were 0 h, 39 h, 44 h, 48 h, 63 h, 71, 93, 110 h, 118, 135, 160 h, 182 h, 190 h, 212 h, 233 h, and 254 h. The test points A, B, C, D and E are analyzed in detail below.
As can be seen from Figure 5 , it takes about 44-72 h for all the test points to attain the peak temperature. The maximum temperature of approximately 74 °C was attained at test point C2. After attaining the peak temperature, the rate of drop in temperature was the greatest for the corner test point E1, located at the top 50 mm of the foundation. On the other hand, the temperature of test points A3-E3, which located at the bottom 50 mm of the foundation, was relatively stable. Test points A2-E2, which were located in the mid depth of the concrete slab, had pronounced effect of the heat of hydration as illustrated by their high temperatures. The cooling rate was no more than 2.0 °C/d, which met the requirements of the standard GB50496-2009 [20] . 
Analysis of the Change in Temperature across Different Test Points
As can be seen from Figure 5 , it takes about 44-72 h for all the test points to attain the peak temperature. The maximum temperature of approximately 74˝C was attained at test point C2. After attaining the peak temperature, the rate of drop in temperature was the greatest for the corner test point E1, located at the top 50 mm of the foundation. On the other hand, the temperature of test points A3-E3, which located at the bottom 50 mm of the foundation, was relatively stable. Test points A2-E2, which were located in the mid depth of the concrete slab, had pronounced effect of the heat of hydration as illustrated by their high temperatures. The cooling rate was no more than 2.0˝C/d, which met the requirements of the standard GB50496-2009 [20] . (2) Analysis of the variation in temperature among the test points at the same depth range
For the same depth range, the trend in temperature for all measuring points was basically the same. The temperature was the greatest for the test points that were located at a depth of 900 mm; it was about 70 °C. The temperature of the test points at 50 mm depth under the foundation surface dropped faster than at other points. Due to the heat preservation effect of the ground, the temperature of the test points which were above 50 mm from the bottom surface was maintained at 50-55 °C, as shown in Figure 6 . 
Analysis of the Variation in Temperature among the Test Points at the Same Depth Range
For the same depth range, the trend in temperature for all measuring points was basically the same. The temperature was the greatest for the test points that were located at a depth of 900 mm; it was about 70˝C. The temperature of the test points at 50 mm depth under the foundation surface dropped faster than at other points. Due to the heat preservation effect of the ground, the temperature of the test points which were above 50 mm from the bottom surface was maintained at 50-55˝C, as shown in Figure 6 . (2) Analysis of the variation in temperature among the test points at the same depth range
Analysis of the Variation in Temperature at Different Depths along a Vertical Plane
Taking A, B, and C points as examples, the temperature data of points at different depths along a vertical plane were plotted as shown in Figure 7 . (2) Analysis of the variation in temperature among the test points at the same depth range
For the same depth range, the trend in temperature for all measuring points was basically the same. The temperature was the greatest for the test points that were located at a depth of 900 mm; it was about 70 °C. The temperature of the test points at 50 mm depth under the foundation surface dropped faster than at other points. Due to the heat preservation effect of the ground, the temperature of the test points which were above 50 mm from the bottom surface was maintained at 50-55 °C, as shown in Figure 6 . Along a vertical plane, the temperature of the measuring points was markedly different with depth. Because of a good convection effect, the test points that were located on the surface had the lowest temperature. Due to the heat preservation effect, the temperature of the bottom surface was higher than at the top surface. The central concrete was in a typical scenario of heat of hydration in mass concrete; thus, the temperature here was the highest.
Comparative Analysis on the Temperature of Foundation at the Core and at the Surface
By calculating the temperature difference between the concrete surface and the concrete core (D-value) for the testing points, the actual temperature difference for each test point was obtained and compared with the standard temperature difference of 25˝C. As can be seen from Figure 8 , the maximum temperature difference between the foundation core and the foundation surface was 25˝C, and the total temperature difference met the requirements of GB50496-2009 (3.0.4 Terms of Code for construction of mass concrete). The maximum temperature difference occurred mostly in the morning, which was due to the lowest temperature of the base surface in the morning. The temperature of the base surface was greatly influenced by the surrounding environment; hence, the temperature difference was fluctuating during the construction process. Along a vertical plane, the temperature of the measuring points was markedly different with depth. Because of a good convection effect, the test points that were located on the surface had the lowest temperature. Due to the heat preservation effect, the temperature of the bottom surface was higher than at the top surface. The central concrete was in a typical scenario of heat of hydration in mass concrete; thus, the temperature here was the highest.
(4) Comparative analysis on the temperature of foundation at the core and at the surface By calculating the temperature difference between the concrete surface and the concrete core (D-value) for the testing points, the actual temperature difference for each test point was obtained and compared with the standard temperature difference of 25 °C. As can be seen from Figure 8 , the maximum temperature difference between the foundation core and the foundation surface was 25 °C, and the total temperature difference met the requirements of GB50496-2009 (3.0.4 Terms of Code for construction of mass concrete). The maximum temperature difference occurred mostly in the morning, which was due to the lowest temperature of the base surface in the morning. The temperature of the base surface was greatly influenced by the surrounding environment; hence, the temperature difference was fluctuating during the construction process. By calculating the temperature difference between concrete surface and the environment (D-value #) for the testing point, the actual temperature difference for each test point was obtained and compared with the standard temperature difference of 20 °C [20] . As can be seen from Figure 9 , the maximum temperature difference between the foundation surface and the surrounding environment was 21 °C. The temperature difference basically met the requirements of the standard value. By calculating the temperature difference between concrete surface and the environment (D-value #) for the testing point, the actual temperature difference for each test point was obtained and compared with the standard temperature difference of 20˝C [20] . As can be seen from Figure 9 , the maximum temperature difference between the foundation surface and the surrounding environment was 21˝C. The temperature difference basically met the requirements of the standard value. 
Theoretical Calculation and Analysis
Thermodynamic Principle
The concrete structure was assumed continuous and homogeneous. Considering an infinitesimal volume within the concrete structure, the net heat (calorie) inflows in the volume along the x, y and z directions are given as: Based on the thermal balance principle, the sum of the heat produced by the interior and the heat inflow is equal to the total absorbed heat as:
Simplifying Equation (4),
Due to the heat of hydration, the rate of temperature rise of concrete under adiabatic temperature condition is given as,
Hence, Equation (5) could be revised as, Figure 9 . D-value between the concrete surface and the surrounding environment.
Theoretical Calculation and Analysis
Thermodynamic Principle
The concrete structure was assumed continuous and homogeneous. Considering an infinitesimal volume within the concrete structure, the net heat (calorie) inflows in the volume along the x, y and z directions are given as:
Suppose that the heat produced per unit volume per unit time is Q. The heat emitted by an infinitesimal volume during a unit time is Qdxdydz. During the time dτ, the heat absorbed by the infinitesimal volume is cρ BT Bτ dτ dxdydz. Based on the thermal balance principle, the sum of the heat produced by the interior and the heat inflow is equal to the total absorbed heat as:
Hence, Equation (5) could be revised as,
In Equations (6) and (7), θ is the adiabatic temperature rise of concrete, W is the cement content of concrete (kg/m 3 ), q is the heat source intensity (heat released by a unit volume of cement at a unit time), c is the specific heat of concrete, ρ is the density of concrete, λ is the thermal conductivity and T is the transient temperature of concrete.
Calculation Parameters
According to the weight percentage of each component of concrete, the thermal conductivity λ and the specific heat capacity c of the concrete were estimated. The heat transfer coefficient and specific heat capacity of different materials were obtained based on the literature [21] , and were used to calculate λ and c by using Equations (8) and (9) . Finally, the thermal conductivity and specific heat of concrete were obtained by considering the adjustment coefficient:
λ " p280ˆ4.593`774ˆ11.099`1026ˆ10.467`170ˆ2.160q{2250 " 9.33kJ{pm¨h¨˝Cq (8) c " 1.05ˆp280ˆ0.536`774ˆ0.745`1026ˆ0.708`170ˆ4.187q{2250 " 1.01kJ{pkg¨˝Cq (9) According to the concrete mix design, the concrete adiabatic temperature rise θ can be calculated by Equation (10) as:
In Equation (10), ρ is taken as 2401 kg/m 3 ; F is the amount of active admixture in concrete; Q is the heat of hydration of cement taken as 375 kJ/kg [22] ; k is the blending material reduction coefficient, taken as 0.25 for fly ash [22] .
Finite Element Model
The simulation of the 3D temperature field for the entire process of heat of hydration in the mass concrete foundation was performed by using the three-dimensional finite element software MIDAS/Civil (version 8.0.5). The factors such as the convection condition, the ambient temperature, and the boundary condition of the actual construction process were considered appropriately.
Parameter Definition
The main parameters included elastic modulus, specific heat, and thermal conductivity. As shown in Table 3 , two material models were defined as the foundation and the ground (the strength grade of concrete is C35). 
Building Model
Since the foundation is rectangular, only one quarter was modeled and analyzed [23] . In order to describe the heat transfer from the foundation to the ground, the ground was modeled as a structure with a certain specific heat and heat conductivity. Eight-node brick elements were used. The model of foundation concrete was divided into 7670 nodes and 6372 elements. As shown in Figure 10 , number 1 represents 50 mm below the top surface, number 2 represents the foundation center 900 mm, and number 3 represents the 50 mm above the bottom surface of the foundation. Figure 10 , number 1 represents 50 mm below the top surface, number 2 represents the foundation center 900 mm, and number 3 represents the 50 mm above the bottom surface of the foundation. 
Defining Boundary Conditions
The numerical analysis considered the entire construction as a single process. The initial temperature (casting temperature) was set to 25 °C. The environmental temperature was defined as a constant with a value of 32.5 °C.
Two different convection coefficient functions were set considered for the convection conditions of the top surface and the lateral surface of the mass concrete foundation.
(1) Convective heat transfer coefficient function for the top surface
The convective heat transfer coefficient is defined as the heat transfer capability of an interface between a fluid and a solid surface. The unit of the convective heat transfer coefficient is
℃ ） in this paper. In order to simplify the circulation process of water, a layer of water was considered as a thermal insulation layer. Based on the literature [22] , if a concrete surface has a thermal insulation layer, the heat transfer coefficient of the thermal insulation layer can be considered same as the convective heat transfer coefficient. According to the time and depth of water circulation during the construction process, the convective heat transfer coefficient during the water storing process was calculated by using Equations (11) and (12) as shown below. At the same time, the corresponding enhancement coefficient [22] was considered according to the interval time.
The convective heat transfer coefficient of the top surface of the foundation at each step was obtained through an interpolation. A curve was fitted as a function of the top surface temperature as shown in Figure 11 . 
In Equation (11), ν is the wind speed of air. In Equation (12), s β is the convective heat transfer coefficient of the top surface of the foundation; s R is the total thermal resistance of the circulating water layer; β is the convective heat transfer coefficient of the air layer and can be calculated by Equation (11); i h is the depth of circulating water; and i λ is the thermal conductivity of circulating water at different depths. 
The numerical analysis considered the entire construction as a single process. The initial temperature (casting temperature) was set to 25˝C. The environmental temperature was defined as a constant with a value of 32.5˝C.
Convective Heat Transfer Coefficient Function for the Top Surface
The convective heat transfer coefficient is defined as the heat transfer capability of an interface between a fluid and a solid surface. The unit of the convective heat transfer coefficient is kJ{`m 2¨h¨˝C˘i n this paper. In order to simplify the circulation process of water, a layer of water was considered as a thermal insulation layer. Based on the literature [22] , if a concrete surface has a thermal insulation layer, the heat transfer coefficient of the thermal insulation layer can be considered same as the convective heat transfer coefficient. According to the time and depth of water circulation during the construction process, the convective heat transfer coefficient during the water storing process was calculated by using Equations (11) and (12) as shown below. At the same time, the corresponding enhancement coefficient [22] was considered according to the interval time. The convective heat transfer coefficient of the top surface of the foundation at each step was obtained through an interpolation. A curve was fitted as a function of the top surface temperature as shown in Figure 11 .
β " 23.9`14.5ν (11)
In Equation (11), ν is the wind speed of air. In Equation (12), β s is the convective heat transfer coefficient of the top surface of the foundation; R s is the total thermal resistance of the circulating water layer; β is the convective heat transfer coefficient of the air layer and can be calculated by Equation (11); h i is the depth of circulating water; and λ i is the thermal conductivity of circulating water at different depths. (2) Convective heat transfer coefficient function for the side surface Due to the relatively smaller influence of the foundation sides, the convective heat transfer coefficient function for the sides can be taken as a constant. Thus, Equation (11) was directly used to calculate the convective heat transfer coefficient of the foundation sides that were covered with a thermal insulating material. The convective heat transfer coefficient was
In the process of establishing the model, the temperature of the side surfaces, the bottom surface and the top surface of the ground (not including the part between the foundation and the ground) were set constant at a temperature of 25 °C [22] .
Equation (13) was taken as the heat source function. where α is the reaction rate of the concrete, which was taken as 0.78 [24] and T is the adiabatic temperature. The function was assigned to the corresponding units as shown in Figure 12 . The maximum adiabatic temperature rise K of mass concrete was calculated by Equation (10) and was obtained as 47.9 °C. It should be emphasized that the heat generated by the concrete can be calculated by Equations (10) and (13), and the calculation results are in agreement with the adiabatic calorimetry test results [21] . 
Analysis of the Calculation Results
Analysis of Temperature Contours
The temperature contours corresponding to different test times were generated by the finite element software. The contours at 39 h, 71 h, and 254 h were taken as examples for detailed analysis, as shown in Figure 13a -c. 
Convective Heat Transfer Coefficient Function for the Side Surface
Due to the relatively smaller influence of the foundation sides, the convective heat transfer coefficient function for the sides can be taken as a constant. Thus, Equation (11) was directly used to calculate the convective heat transfer coefficient of the foundation sides that were covered with a thermal insulating material. The convective heat transfer coefficient was 25.9kJ{`m 2¨h¨˝C˘.
In the process of establishing the model, the temperature of the side surfaces, the bottom surface and the top surface of the ground (not including the part between the foundation and the ground) were set constant at a temperature of 25˝C [22] .
Equation (13) was taken as the heat source function. where α is the reaction rate of the concrete, which was taken as 0.78 [24] and T is the adiabatic temperature. The function was assigned to the corresponding units as shown in Figure 12 . The maximum adiabatic temperature rise K of mass concrete was calculated by Equation (10) and was obtained as 47.9˝C. It should be emphasized that the heat generated by the concrete can be calculated by Equations (10) and (13) , and the calculation results are in agreement with the adiabatic calorimetry test results [21] . (2) Convective heat transfer coefficient function for the side surface
Due to the relatively smaller influence of the foundation sides, the convective heat transfer coefficient function for the sides can be taken as a constant. Thus, Equation (11) was directly used to calculate the convective heat transfer coefficient of the foundation sides that were covered with a thermal insulating material. The convective heat transfer coefficient was
Equation (13) was taken as the heat source function. where α is the reaction rate of the concrete, which was taken as 0.78 [24] and T is the adiabatic temperature. The function was assigned to the corresponding units as shown in Figure 12 . The maximum adiabatic temperature rise K of mass concrete was calculated by Equation (10) and was obtained as 47.9 °C. It should be emphasized that the heat generated by the concrete can be calculated by Equations (10) and (13) , and the calculation results are in agreement with the adiabatic calorimetry test results [21] . 
Analysis of the Calculation Results
Analysis of Temperature Contours
Analysis of the Calculation Results
Analysis of Temperature Contours
The temperature contours corresponding to different test times were generated by the finite element software. The contours at 39 h, 71 h, and 254 h were taken as examples for detailed analysis, as shown in Figure 13a -c. At 39 h, the maximum temperature reached 66˝C at the core of the foundation, 55˝C at the top surface of foundation, and 50˝C at the bottom surface of the foundation. The temperature rise of the ground in contact with the foundation was relatively slower, and the temperature of the concrete located at the boundary was relatively lower, especially at the corners. The convection effect of the boundary concrete was better, so the temperature was dissipated quickly.
At 71 h, the temperature reached 71˝C at the center of the foundation and 55˝C at the bottom and the top surfaces. The temperature of the ground in connect with the foundation was 43˝C.
At 254 h, the temperature dropped to 55˝C at the core of the foundation and 38˝C at the top surface, which has reached the temperature of the surrounding environment. On the other hand, the temperature of the bottom surface of the foundation dropped slowly and remained at 47˝C owing to the thermal insulation effect of the ground.
Comparison between Experimental Results and Finite Element Analysis Results
The numerical and the experimental results of the temperature of the test points (A1, B3, C2) were compared and analyzed as shown in Figure 14a- At 39 h, the maximum temperature reached 66 °C at the core of the foundation, 55 °C at the top surface of foundation, and 50 °C at the bottom surface of the foundation. The temperature rise of the ground in contact with the foundation was relatively slower, and the temperature of the concrete located at the boundary was relatively lower, especially at the corners. The convection effect of the boundary concrete was better, so the temperature was dissipated quickly.
At 71 h, the temperature reached 71 °C at the center of the foundation and 55 °C at the bottom and the top surfaces. The temperature of the ground in connect with the foundation was 43 °C.
At 254 h, the temperature dropped to 55 °C at the core of the foundation and 38 °C at the top surface, which has reached the temperature of the surrounding environment. On the other hand, the temperature of the bottom surface of the foundation dropped slowly and remained at 47 °C owing to the thermal insulation effect of the ground.
The numerical and the experimental results of the temperature of the test points (A1, B3, C2) were compared and analyzed as shown in Figure 14a The temperature curve from the analysis fitted well with the experimental temperature curve. The trend of overall temperature variation was consistent, and the calculation error was within 15%. In order to further analyze the error between the calculated results and the experimental results, all the calculation results were subtracted from test results at test point, as shown in Table 4 . The temperature curve from the analysis fitted well with the experimental temperature curve. The trend of overall temperature variation was consistent, and the calculation error was within 15%. In order to further analyze the error between the calculated results and the experimental results, all the calculation results were subtracted from test results at test point, as shown in Table 4 . The average error at each test point is small with the maximum value of only 3.23˝C. The simulated temperature curves are consistent with the experimental curves, and the calculated results are in good agreement with the measured results.
Analysis of the Effectiveness of the Circulating Water
The Thermal Simulation without Considering the Circulating Water
In order to further understand the characteristics of the water circulation technology, a thermal simulation was conducted for a reference case without considering the circulating water. All the parameters were kept the same as in Section 4.2 except for the convective heat transfer coefficient function of the top surface. The convective heat transfer coefficient function for the top surface was revised and set at a constant value of 25.9kJ{`m 2¨h¨˝C˘( taken same as for the side surface). The results from the thermal simulation without considering the circulating water are compared in Figure 15 with the results from the thermal simulation performed in Section 4.5 with the consideration of the circulating water. The symbol "#" as in A1# in Figure 15 is used to refer to the simulation without considering the circulating water while the notation without the symbol refers to the simulation with consideration of the circulating water.
The average error at each test point is small with the maximum value of only 3.23 °C. The simulated temperature curves are consistent with the experimental curves, and the calculated results are in good agreement with the measured results.
Analysis of the Effectiveness of the Circulating Water
The Thermal Simulation without Considering the Circulating Water
In order to further understand the characteristics of the water circulation technology, a thermal simulation was conducted for a reference case without considering the circulating water. All the parameters were kept the same as in Section 4.2 except for the convective heat transfer coefficient function of the top surface. The convective heat transfer coefficient function for the top surface was revised and set at a constant value of Figure 15 with the results from the thermal simulation performed in Section 4.5 with the consideration of the circulating water. The symbol "#" as in A1# in Figure 15 is used to refer to the simulation without considering the circulating water while the notation without the symbol refers to the simulation with consideration of the circulating water.
(a) (b) (c) As shown in Figure 15a for the test results FEM A1 and FEM A1#, while the temperature curves overlapped during the first 0-35 h, the two curves were widely different after 35 h. For the simulation without considering the circulating water, the temperature was set at 55 °C. At 254 h, the temperature of the FEM A1# was greater than that of the FEM A1 by approximately 10 °C. This clearly indicates that the cooling rate was significantly slower for the case without water circulation. Consequently, the temperature difference between the foundation surface and the ambient temperature exceeded the safe limit of 20 °C, and thus became vulnerable to induce cracks on the surface of the mass concrete foundation.
As shown in Figure 15b for the test results FEM B3 and FEM B3#, the two temperature curves overlapped. This was because the temperature of the bottom surface of the foundation was not affected despite the availability of the circulating water on the upper surface. As shown in Figure 15c , for the test results FEM C2 and FEM C2#, the trends of the temperature rise were identical during 0-30 h. After 30 h, the temperature of the FEM C2# was higher than that of the FEM C2 by approximately 5 °C. This was because the heat of the concrete surface was exchanged quickly by the circulating water in the case of FEM C2, and hence, the heat of the central concrete flowed effectively to the upper concrete which had a relatively lower temperature. This demonstrates the effectiveness of the circulating water in providing cooling effect to the middle part, in addition to the upper part, of the mass concrete foundation.
The Effect of Circulating Water in Practical Engineering Problems
By using the new technology in the Zhongguancun No.1 project, the thermal cracking problem, the main quality control problem associated with mass concrete, of approximately 25198 m 3 (A area As shown in Figure 15a for the test results FEM A1 and FEM A1#, while the temperature curves overlapped during the first 0-35 h, the two curves were widely different after 35 h. For the simulation without considering the circulating water, the temperature was set at 55˝C. At 254 h, the temperature of the FEM A1# was greater than that of the FEM A1 by approximately 10˝C. This clearly indicates that the cooling rate was significantly slower for the case without water circulation. Consequently, the temperature difference between the foundation surface and the ambient temperature exceeded the safe limit of 20˝C, and thus became vulnerable to induce cracks on the surface of the mass concrete foundation.
As shown in Figure 15b for the test results FEM B3 and FEM B3#, the two temperature curves overlapped. This was because the temperature of the bottom surface of the foundation was not affected despite the availability of the circulating water on the upper surface. As shown in Figure 15c , for the test results FEM C2 and FEM C2#, the trends of the temperature rise were identical during 0-30 h. After 30 h, the temperature of the FEM C2# was higher than that of the FEM C2 by approximately 5˝C. This was because the heat of the concrete surface was exchanged quickly by the circulating water in the case of FEM C2, and hence, the heat of the central concrete flowed effectively to the upper concrete which had a relatively lower temperature. This demonstrates the effectiveness of the circulating water in providing cooling effect to the middle part, in addition to the upper part, of the mass concrete foundation.
By using the new technology in the Zhongguancun No.1 project, the thermal cracking problem, the main quality control problem associated with mass concrete, of approximately 25198 m 3 (A area 13198 m 3 and D area 12000 m 3 ) of mass concrete was solved successfully. Compared to the pre-buried pipe cooling method, due to the reduction of the pipe laying and the associated work, the construction period could be shortened by one-third. The abandoned well dewatering and rainwater can be utilized as the source of cooling water, thus serving as an environmentally-friendly solution. At the end of the concrete construction, there were no cracks on the surface of the concrete slab, as confirmed repeatedly by the competent authorities. The quality indicators of the mass concrete foundation engineering was on a par with the standard of Great Wall Cup [25] (1074-2014 DB11/T) and the finished surface was as shown in Figure 16 .
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Conclusions
The following conclusions can be drawn from the research on controlling thermal cracks in mass concrete foundation structures by circulating water:
(1) A new method for controlling the thermal cracking of mass concrete was developed. The method is based on the structural characteristics of the foundation slab (A1-A9/H-Q axis). The heat of hydration was monitored by employing temperature sensors at different depths. The results showed that the temperature difference between the surface and the core of the mass concrete slab could be effectively controlled within 25 °C. At the same time, since the cooling rate of mass concrete was reduced, the material strength of concrete was fully utilized.
(2) For the surface of the foundation, a convective heat transfer coefficient function can be used to simulate the variation in the depth and the interval time of the circulating water in the construction process. The calculation results obtained by the finite element analysis are in good agreement with the field test results.
(3) Because of the good convection effect at the surface of the foundation slab, the cooling rate was relatively faster. However, due to the "heat preservation effect" of the ground, the temperature drop rate at the bottom surface of the concrete foundation was slow. For the ideal heat of hydration effect, the rate of rise in temperature was the greatest at the core of the mass concrete.
(4) In order to illustrate the effectiveness of the circulating water, the thermal simulation results for the case with circulating water were compared with the thermal simulation results for a reference case without circulating water. The comparison showed that the circulating water has a good cooling effect on the upper and middle parts of the mass concrete foundation, and has little effect on the bottom part of the mass concrete. 
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